Velten M, Heyob KM, Rogers LK, Welty SE. Deficits in lung alveolarization and function after systemic maternal inflammation and neonatal hyperoxia exposure. J Appl Physiol 108: 1347-1356. First published March 11, 2010 doi:10.1152/japplphysiol.01392.2009.-Systemic maternal inflammation contributes to preterm birth and is associated with development of bronchopulmonary dysplasia (BPD). Infants with BPD exhibit decreased alveolarization, diffuse interstitial fibrosis with thickened alveolar septa, and impaired pulmonary function. We tested the hypothesis that systemic prenatal LPS administration to pregnant mice followed by postnatal hyperoxia exposure is associated with prolonged alterations in pulmonary structure and function after return to room air (RA) that are more severe than hyperoxia exposure alone. Timed-pregnant C3H/HeN mice were dosed with LPS (80 g/kg) or saline on gestation day 16. Newborn pups were exposed to RA or 85% O2 for 14 days and then to RA for an additional 14 days. Data were collected and analyzed on postnatal days 14 and 28. The combination of prenatal LPS and postnatal hyperoxia exposure generated a phenotype with more inflammation (measured as no. of macrophages per highpower field) than either insult alone at day 28. The combined exposures were associated with a diffuse fibrotic response [measured as hydroxyproline content (g)] but did not induce a more severe developmental arrest than hyperoxia alone. Pulmonary function tests indicated that hyperoxia, independent of maternal exposure, induced compliance decreases on day 14 that did not persist after RA recovery. Either treatment alone or combined induced an increase in resistance on day 14, but the increase persisted on day 28 only in pups receiving the combined treatment. In conclusion, the combination of systemic maternal inflammation and neonatal hyperoxia induced a prolonged phenotype of arrested alveolarization, diffuse fibrosis, and impaired lung mechanics that mimics human BPD. This new model should be useful in designing studies of specific mechanisms and interventions that could ultimately be utilized to define therapies to prevent BPD in premature infants. bronchopulmonary dysplasia; preterm birth; neonatal lung injury; perinatal stress PRETERM BIRTH, defined as delivery before 37 wk of gestation, has increased over the past decade in developing countries (2). Maternal infections and inflammatory states are commonly associated with preterm birth and include extrauterine sources of inflammation, such as periodontal (38), urinary tract (8), and respiratory (9) infections or chronic stresses, such as cigarette smoke (5). Often these infections are subclinical and even unnoticed but can be substantial contributors to the inflammatory responses that initiate preterm birth (37). Although the inflammation is maternal, the fetus is exposed to the results of maternal responses, such as increased expression of cytokines, chemokines, or lipid mediators, through the circulation (21, 30). These early exposures could prime the infants, making them more susceptible to insults after delivery than infants not exposed to maternal inflammation (4). The causes and timing of preterm delivery associated with maternal inflammation are not understood and can range from extremely preterm (23-28 wk of gestation) to late preterm (Ͼ32 wk of gestation). Although any premature infant is at increased risk, extremely premature infants (Ͻ1,000 g body wt) are the most vulnerable and often require extensive supportive care that can include mechanical ventilation and exposure to elevated levels of O 2 . These common therapeutic interventions could provide a "second hit" to primed newborns.
. These early exposures could prime the infants, making them more susceptible to insults after delivery than infants not exposed to maternal inflammation (4) . The causes and timing of preterm delivery associated with maternal inflammation are not understood and can range from extremely preterm (23) (24) (25) (26) (27) (28) wk of gestation) to late preterm (Ͼ32 wk of gestation). Although any premature infant is at increased risk, extremely premature infants (Ͻ1,000 g body wt) are the most vulnerable and often require extensive supportive care that can include mechanical ventilation and exposure to elevated levels of O 2 . These common therapeutic interventions could provide a "second hit" to primed newborns.
Bronchopulmonary dysplasia (BPD) is a multifactorial disease with an incidence of 30 -75% in Ͻ1,000-g-birth-weight infants, thereby often afflicting the smallest and most vulnerable of the preterm population (7, 35) . BPD is clinically defined as the need for respiratory support at 36 wk corrected gestational age (16, 24) and has been associated with long-term abnormalities in lung mechanics or function.
Chorioamnionitis, an acute infection of the fetal and maternal membranes, is strongly associated with the development of BPD (15) , most likely through inflammatory effects on pulmonary development (19) . Nevertheless, the link between chronic or systemic maternal infection or inflammation and the development of BPD has been well established (10 -12) .
With recent advances in therapies that increase survival rates in extremely premature infants, the etiology of BPD has changed from a disease that was secondary to supportive care in sick preterm infants to one in which an extremely immature lung exposed to more subtle insults develops arrested alveolarization and diffuse fibrosis (14, 16, 24) . Newborn rodents are at a stage in lung development similar to extremely preterm infants and offer a reasonable model for studying lung development. Exposure of newborn rodents to hyperoxia has been useful in the study of the effects of oxidant-induced inflammatory responses on arrested alveolarization. However, rodents are born surfactant-sufficient and capable of oxygenation in room air, while extremely preterm infants are surfactantdeficient and often unable to sufficiently oxygenate at birth. Consequently, the results of O 2 alone in a surfactant-sufficient rodent lung do not truly represent the pathophysiology often observed in preterm infants (22) . Perinatal inflammation and neonatal O 2 supplementation are often present in preterm infants and contribute to the complications of prematurity, including BPD. The addition of maternal inflammation to previously established rodent models of hyperoxia exposure provides an opportunity to investigate a potentially biologically relevant interaction (1, 16, 31) .
Currently, lamb and rat models are used to investigate the complementary effects of fetal inflammation induced by intra-amniotic lipopolysaccharide (LPS) injection and subsequent neonatal hyperoxia (20, 34) . These established models directly expose the fetus to agents that mimic the clinical characteristics consistent with chorioamnionitis. The responses observed in the offspring are fewer and larger alveoli, similar to those in infants with BPD. Alternatively, systemic administration of LPS to pregnant animals mimics systemic maternal stress or inflammatory responses that are also closely associated with preterm birth in humans. Previous studies have reported that systemic LPS exposure alone in pregnant mice leads to delayed alveolarization and prolonged pulmonary inflammation in pups (29) . However, the effects of systemic maternal LPS exposure and subsequent neonatal hyperoxia have not been explored and are likely to be additive. The present study tests the hypothesis that administration of LPS to pregnant mice followed by exposure of the newborn pups to hyperoxia is associated with alterations in pulmonary structure and function. Furthermore, we hypothesize that these alterations persist after return to room air and are more severe than hyperoxia exposure alone.
METHODS
Animal models. Animal study protocols were approved by the Institutional Animal Care and Use Committee at the Research Institute at Nationwide Children's Hospital. C3H/HeN mice (6 -8 wk old) were purchased from Harlan Sprague Dawley (Indianapolis, IN). The C3H/HeN strain was chosen because of our previous experience with these mice in models of hyperoxic lung injury (25, 27, 28) . Males and females were paired, and the presence of a vaginal plug was designated embryonic (E) day 1 (E1). On E16, dams were injected intraperitoneally with LPS (serotype 0111:B4, catalog no. 437627, Calbiochem) or an equal volume of saline (3). The highest LPS dose (80 g/kg) that produced a consistently viable litter was chosen. Newborn mice from saline-or LPS-injected dams were pooled and redistributed randomly to the two dams in separate cages within 12 h of birth. One litter of pups was exposed to 85% O 2 for 14 days followed by room air exposure for another 14 days. The other litter of pups that received the same treatment on E16 was maintained in room air for 4 wk. To avoid O 2 toxicity in the dams and to eliminate maternal effects between the groups, the nursing dams were rotated between their hyperoxic and room air litters every 24 h. Furthermore, only dams with the same E16 treatment were matched. Body weights were recorded at birth and on days 1, 3, 7, 14, and 28. Tissue preparation. Mice were euthanized on day 14 or 28 by injection of pentobarbital sodium (200 mg/kg ip). After pentobarbital administration, a thoracotomy was done, the right bronchus was ligated, and the right lungs were removed, weighed, and snap frozen. The tracheas were cannulated, and the left lungs were inflation fixed with 10% buffered formalin at a pressure of 25 cmH 2O for Ն15 min. After equilibration, left lungs were removed and fixed in buffered formalin overnight. Subsequently, lung tissues were washed five times in PBS and embedded in paraffin following serial dehydrations in increasing concentrations of ethanol. Embedded lungs were sliced perpendicular to the lung base (apical-basal axis) into 4-m sections, with portions of the upper, middle, and base of the lung attained for analysis, and stained with hematoxylin and eosin or Sirius red as previously described (25, 28) .
Lung morphometrics. Tissue sections from 14-or 28-day-old mice were stained with hematoxylin and eosin for morphometric analyses. To assess uniform and proportional samples for each lung, five nonoverlapping photomicrographs in different sections, representing an area of 362,818 m 2 , were captured at ϫ100 magnification with a microscope (model BX-40, Olympus Optical) and a digital camera (Diagnostic Instruments) under identical lighting conditions and optical settings by an investigator blinded to group. Five images per animal were analyzed and averaged using research-based digital image analysis software (Image-Pro Plus 6.3, Media Cybernetics, Silver Spring, MD) and a custom macro written for automated assessments of alveolar morphometry as described by Park et al. (25) . Air spaces within the image were selected by color segmentation, and incomplete air spaces (those touching the image edge) were excluded from analysis. The macro was used to determine the number of complete air spaces in the image, the average air space size (area, in m 2 ), and the total perimeter per high-power field (HPF, in m). In addition, the air space septal wall thickness was measured randomly in five individually intact alveoli by manual identification of the septal wall edges and measurement of the width. At least five measurements were made per HPF and averaged. Intra-animal and interobserver variability in these measurements were routinely Ͻ10% (25) .
Picro-Sirius red quantification. Collagen in the tissue from 14-and 28-day-old mice was assessed utilizing Picro-Sirius red staining. After deparaffinization and rehydration through xylenes and graded alcohols, slides were transferred to 0.2% phosphomolybdic acid for 2 min. After they were washed with distilled water, the slides were incubated in 0.1% Sirius red-saturated picric acid for 90 min (18) . To assess uniform and proportional samples for each lung, five nonoverlapping photomicrographs in different sections were captured from four to five mice per group at ϫ100 magnification by brightfield microscopy using a microscope (model BX-40, Olympus) and a digital camera (Diagnostic Instruments) under identical lighting conditions and optical settings by an investigator blinded to group assignments. Then a picture was taken with polarized light from the same area. Picro-Sirius red stains collagen red on a pale yellow background in brightfield microscopy, whereas under polarized light, collagen appears bright orange-red and/or bright green (6) . Images were analyzed using research-based digital image analysis software (Image-Pro Plus 6.3), and a macro written for automated quantification of number of spots and total area stained positive for Picro-Sirius red was used.
Hydroxyproline assay. Frozen right lungs from 14-or 28-day-old mice were homogenized in 1 ml of deionized water and incubated with 65 l of 50% trichloroacetic acid for 20 min on ice. After centrifugation at 15,000 g for 20 min at 4°C, the pellet was suspended in 1 ml of 12 N hydrochloric acid and incubated for 16 h at 110°C. Samples were resuspended in 2 ml of deionized water. Hydroxyproline content from five to seven mice per group was determined by a colorimetric assay as described previously (32) . A hydroxyproline standard dilution series (catalog no. H54409, Sigma, St. Louis, MO) was used to calculate micrograms of hydroxyproline per right lung.
Lung macrophage and neutrophil counts. Macrophage and neutrophil counts were performed on lung tissue sections from 14-or 28-day-old mice. The primary antibody for neutrophils was rat antimouse (Serotec, Kingston, UK), and the sections were exposed to a dilution of 1:500. The secondary antibody was rabbit anti-rat (catalog BA-4001, Vector), which was utilized at a dilution of 1:200. For macrophage staining, rat anti-mouse Mac3 monoclonal antibody (catalog no. 550292, BD Pharmingen, San Diego, CA) was used at a dilution of 1:500 as the primary antibody and rabbit anti-rat (catalog no. BA-4001, Vector) at a dilution of 1:200 as the secondary antibody.
Pulmonary function test. Mice were weighed on day 14 or 28 and anesthetized by an intraperitoneal injection of ketamine (200 mg/kg) and xylazine (20 mg/kg). Two-thirds of the dose was given initially to induce anesthesia. After an adequate level of anesthesia was established, mice were tracheostomized, and the trachea was cannulated. The remaining anesthetics were given before the cannula was connected to the FlexiVent system (SCIREQ, Montreal, PQ, Canada) for forced oscillation measurements. Mice were ventilated with a tidal volume of 10 ml/kg at a frequency of 350 breaths/min and a positive end-expiratory pressure of 2 cmH2O. The maximal vital capacity perturbation (named TLC by SCIREQ) was used to determine the mean displaced volume (relative to weight). Furthermore, the "snapshot perturbation" maneuver was conducted to measure resistance and compliance. Then the ventilator produced a broadband frequency (0.5-19.75 Hz) for 8 s. This forced oscillation perturbation, primewave-8 (named by SCIREQ), was applied to measure central airway resistance (13) . Finally, pressure-volume (PV) loops were generated to obtain static compliance. A coefficient of determination of 0.95 was used as the lower limit for measurements. For each parameter, two measurements were assessed and averaged (36) .
Statistics. Statistical analyses were performed by two-way ANOVA with exposure at E16 as one variable and O 2 exposure as another. All data are presented as means Ϯ SE, and the results of the two-way ANOVA are indicated. When there were differences noted by two-way ANOVA, individual differences were detected using modified t-test post hoc with P Ͻ 0.05 as significant. All analyses were performed with SPSS Windows version 15.0 (SPSS, Chicago, IL).
RESULTS
Approximately 20% of the pregnant dams injected with LPS did not give birth. However, the LPS-treated dams that delivered had similar numbers of pups per litter, and weights of these live born pups were similar to weights of the pups delivered by the saline-treated dams. No pups died during the hyperoxia or room air exposures, no signs of distress were observed in any group, and there were no differences in weights over the 28 days of observation (see supplemental data in the online version of this article).
Right lung weight and lung morphometry were evaluated on days 14 and 28. On day 14, there were no differences in right lung weight between groups (data not shown). Mice exposed to prenatal saline and postnatal hyperoxia (saline/O 2 ) or prenatal LPS and postnatal room air (LPS/RA) had lower right lung weights at day 28 than mice exposed to prenatal saline and postnatal room air (saline/RA; Fig. 1 ). Interestingly, there were no differences in the right lung weights between saline/RAand LPS/O 2 -exposed mice. Statistical analyses indicated a significant two-way interaction between systemic maternal LPS injection and neonatal hyperoxia exposure on right lung weight at day 28. This interaction persisted even when right lung weights were normalized to body weights (see supplemental data).
Alveolarization was assessed by histological analyses on lung sections obtained at days 14 and 28 (Fig. 2) . Hematoxylinand-eosin-stained lung sections from day 14 pups exposed to hyperoxia demonstrated decreased alveolar number and increased size, similar to previous reports, regardless of maternal exposure ( Table 1) . Number of air spaces per HPF, mean air space area, and total air space perimeter were affected by hyperoxia or LPS treatment independently. Furthermore, there was a statistical interaction between prenatal LPS and postnatal hyperoxia exposure on number of air spaces, air space area, and total air space perimeter per HPF. Distinct differences among treatment groups were observed in septal wall thickness, and there was an additive effect of the combined exposures at day 14.
Pups that were exposed to hyperoxia for 14 days and recovered in room air for 14 days still showed altered pulmonary histology compared with pups that were exposed to room air for the entire time course, independent of prenatal exposure (Fig. 2) . Morphometric analyses of histological lung sections demonstrated persistent deficits in lung development at day 28 as a function of exposure to hyperoxia; these deficits were exacerbated by prenatal LPS exposure as assessed by the number of air spaces, mean air space area, and total air space perimeter per HPF (Table 1 ). In each of these assessments, there was a significant statistical interaction between prenatal LPS and postnatal hyperoxia exposure. Also, saline/O 2 exposure for 14 days induced an increase in septal wall thickness that persisted at day 28 (Table 1 ). Mice exposed to LPS/RA demonstrated an even greater increase in septal wall thickness than those exposed to saline/O 2 on day 14. Furthermore, LPS/O 2 exposure induced an impressive increase in septal wall thickness that was higher than the other three groups and persisted even after day 28. Statistical analyses of septal wall thickness indicated independent effects of prenatal LPS and postnatal hyperoxia exposure for 14 days as well as a two-way interaction, indicating that the combination of prenatal LPS and postnatal hyperoxia exposure was acting synergistically to produce a persistent phenotype even after 14 days of room air recovery.
The consequences of increased septal wall thickness and impaired alveolarization for gas exchange are illustrated as a ratio of diffusion surface to distance (total alveolar perimeter per HPF divided by mean septal thickness; Fig. 3) at day 14 or 28. Either single exposure decreased the ratio of total air space perimeter per HPF to septal wall thickness compared with control mice that were exposed to saline/RA. The combination of both exposures (LPS/O 2 ) further decreased the ratio compared with either single treatment. This finding would translate to even greater impairment of gas exchange. Statistical analyses indicated independent effects of prenatal LPS and postnatal hyperoxia exposure, as well as a two-way interaction for both time points, suggesting that the combination of prenatal LPS injection and postnatal hyperoxia exposure was again acting synergistically, even after room air recovery.
One explanation for increased septal thickness would be increased collagen deposition and fibrosis. To test this hypothesis, we stained lung sections with Picro-Sirius red (23) and measured hydroxyproline content in lung homogenates. Qual- itatively, the dominant Picro-Sirius red staining was at the tips of the alveolar septa in mice that were exposed to saline/RA at days 14 and 28 (arrows in Fig. 4) . However, the staining redistributed from the tips of the septa toward the alveolar walls (arrows in Fig. 4 ) in animals that were exposed to prenatal LPS or postnatal hyperoxia. The combination of prenatal LPS and postnatal hyperoxia exposure further accentuated the redistribution of staining, which was persistent at day 28, after 14 days of room air recovery (Fig. 4) . Quantification of the Picro-Sirius red-stained area in lung tissues indicated a dominant effect of prenatal LPS exposure (Fig. 4) . Measurement of hydroxyproline content revealed that neither saline/O 2 nor LPS/RA exposure was related to higher hydroxyproline content at day 14 or 28 compared with pups exposed to saline/RA. However, there was a marked increase in hydroxyproline content in the lungs of pups that were exposed to LPS/O 2 at day 14, which was persistent even after 14 days of room air recovery (day 28). Statistical analyses indicated an independent effect of hyperoxia exposure on day 14 and a two-way interaction between prenatal LPS and postnatal hyperoxia exposure on hydroxyproline content for both time points (Fig. 5 ).
An influx of inflammatory infiltrates into the alveolar space could contribute to the development of fibrosis. To test this Fig. 2 . Histological lung sections from pups exposed to prenatal saline or LPS and postnatal room air or 85% O2. Top: histological sections from pups euthanized at day 14 (D14). Bottom: histological sections from pups euthanized at day 28 (14 days in O2 followed by return to room air for 14 days; D28). Inflation-fixed lung sections were stained with hematoxylin and eosin. Photomicrographs are representative of 6 mice per group. Magnification ϫ100.
hypothesis, we stained histological lung sections obtained on days 14 and 28 with anti-neutrophil and anti-macrophage antibodies. No increase in neutrophil count was observed due to LPS or hyperoxia exposure alone, but a substantial effect of combined prenatal LPS and postnatal hyperoxia exposure was observed on day 14 (see supplemental data). However, the increases in neutrophil counts were not significant at day 28, indicating a recovery after return to room air (data not shown). Statistical assessment of lung neutrophil accumulation indicated an independent effect of systemic maternal LPS exposure and an interaction between prenatal maternal LPS and postnatal hyperoxia exposure on day 14 only. Macrophage accumulation in the lung on day 14 was greater in the hyperoxiaexposed pups than in the room air controls; however, prenatal LPS alone increased the macrophage accumulation, and this effect was compounded in the pups that were exposed to LPS/O 2 (Fig. 6 ). Statistical analyses indicated independent effects of prenatal LPS and postnatal hyperoxia exposure and an interaction between both factors. Persistence of inflammation after room air recovery was also assessed on lung tissue sections at day 28. Lung macrophage accumulation was evident, as there were still higher lung macrophage counts at day 28 in mice exposed to LPS/O 2 than in any other group (Fig. 6) . Statistically, there were independent effects of prenatal LPS and postnatal hyperoxia exposure, as well as a two-way interaction.
The functional impact of structural changes and diffuse fibrosis on lung mechanics was assessed by pulmonary function tests. We measured total airway resistance and compliance at both time points and, additionally, central airway resistance at day 28. In mice that were exposed to postnatal hyperoxia independent of their maternal exposures, resistance on day 14 was higher than in saline/RA-exposed pups (Fig. 7) . Interestingly, pups that were exposed to LPS/RA for 14 days also exhibited a higher resistance than pups exposed to saline/RA. Statistical analyses indicated a significant two-way interaction of prenatal LPS and postnatal hyperoxia exposure. Compliance was also affected by hyperoxia, in that it was lower in mice exposed to hyperoxia at day 14, regardless of prenatal treatment (Fig. 7) . Statistical analyses indicated independent effects of prenatal LPS injection and postnatal hyperoxia exposure. To evaluate whether the changes observed at day 14 were persistent, pulmonary function tests were performed at day 28, after 2 wk of room air recovery. There was no difference in lung compliance between groups, but total and central airway resistances were higher in pups that were exposed to LPS/O 2 than all other groups. Only the combination of prenatal LPS and postnatal hyperoxia exposure induced prolonged alterations in lung mechanics. Statistical analysis indicated an effect of prenatal LPS exposure and further significant two-way interaction between prenatal LPS and postnatal hyperoxia exposure in total airway resistance. Furthermore, we found independent effects of prenatal LPS injection and postnatal hyperoxia exposure and an additional interaction between both treatments on the central airway resistance. These results indicate that the combination of both insults synergistically affected pulmonary function and that the change in resistance persisted after recovery. These statistical differences were unchanged after correction for displaced volumes.
DISCUSSION
In the modern era of neonatology, infants with BPD exhibit decreases in lung alveolarization but, importantly, also exhibit variable and diffuse interstitial fibrosis, thickened alveolar septa, and impaired lung function that persist into adulthood (14) . Many rodent models have mimicked the decrease in alveolarization and/or increase in septal wall thickness due to hyperoxia exposure or fetal inflammation independently. However, the combination of systemic prenatal LPS and postnatal hyperoxia exposure creates a phenotype that closely resembles human infants with BPD, including the changes in lung structure and function. In light of the reported associations between maternal inflammation, preterm birth, and BPD, the "doublehit" model described in these studies is highly relevant in a investigation of the mechanism of maternal effects on the development of diseases in human infants.
Increases in septal wall thickness due to hyperoxia exposure have been previously reported (28, 33) and may reflect important biological processes. The ratio of total perimeter per HPF to septal wall thickness was calculated as a measure of surface area available for gas exchange. Either insult alone was able to decrease this ratio at day 14, but the more exaggerated, additive response in the double-hit animals is notable (Fig. 3, top) . This deficiency recovered in the prenatal LPS-exposed pups, but not in the hyperoxia-exposed pups, and remained exaggerated in the LPS-and hyperoxia-exposed pups at day 28 (Fig. 3,  bottom) . These findings indicate that the pups exposed to both A: histological lung sections from pups exposed as described in METHODS were stained with Picro-Sirius red and assessed at day 28. B and C: positive-stained areas from lungs exposed to prenatal saline or LPS and postnatal room air (open bars) or 85% O2 were quantified for number and total area. Five fields for each slide were averaged, and data were analyzed by 2-way ANOVA and modified t-test post hoc (n ϭ 6 per group). Effects of prenatal LPS and postnatal hyperoxia exposure were observed in the numbers of Sirius red (SR) spots and total Sirius red area. Values are means Ϯ SE. Identical symbols above bars indicate statistical significance between groups: *,**P Յ 0.05; $, §, †, ‡, † †P Յ 0.01. insults had structural defects that could impair gas exchange that were more severe than those in mice exposed to a single insult and that the more severe deficit persisted after return to room air.
To investigate the mechanisms associated with increased septal wall thickness, we stained lung tissue sections with Pico-Sirius red. The staining was located at the tips of the alveolar septae in pups from dams exposed to saline and neonatal exposure to room air, which we interpret as normal development at alveolar crests. Either single insult alone was associated with a qualitative change in the staining location away from the tips of the alveolar septa and more into the interstitium (Fig. 4) . This change in staining pattern was further exaggerated in the tissues from pups having received the combined exposures. The intensity of the interstitial staining was moderately increased from day 14 to day 28 in the pups having received both exposures, while the pattern of the staining appeared to be recovered in either of the single-insult groups by day 28. A similar pattern of fibrosis has been observed recently in BPD patients that is more diffuse and less severe than in old BPD (14) . Consistent with the Picro-Sirius red histological findings, hydroxyproline content increased in the lung tissues of pups that were exposed to both perinatal LPS and postnatal hyperoxia (Fig. 5) . Only the combination of prenatal LPS and postnatal hyperoxia exposure led to quantitative increases in the amount of hydroxyproline, and this increase persisted, suggesting that the differences in PicroSirius red staining noted in the other groups (saline/O 2 and LPS/RA) were primarily qualitative.
Other investigations have described substantial mortality in models of neonatal hyperoxia exposure, but no animal mortality was observed in the present studies, and body weights of the pups were not affected by prenatal LPS exposure and/or postnatal hyperoxia exposure. Similar growth rates in room air and hyperoxia are contrary to our previous report, and the day 28 . Hydroxyproline contents in pup right lungs. Pups were exposed as described in METHODS, and hydroxyproline content was assessed at day 14 (top) and day 28 (bottom). Data were analyzed by 2-way ANOVA and modified t-test post hoc (n ϭ 5-7 mice). An effect of hyperoxia and an interaction between LPS and hyperoxia on hydroxyproline contents were identified. Values are means Ϯ SE. Identical symbols above bars indicate statistical significance between groups: *,**P Յ 0.05; $, §, †P Յ 0.01. reasons for differences are unknown (28) . In the earlier report, pups exposed to 85% O 2 , as in these studies, did not exhibit deficits in growth as significant as those observed in pups exposed to 95% O 2 , and minor differences in exposure environment or the stress associated with injecting the dam could have potentiated our current results. However, the data are reassuring, in that differences in the lung phenotype are unlikely to be related to nutritional differences between groups (17). Either single exposure resulted in decreases in lung weight compared with saline/RA-exposed mice. In contrast, lung weight was higher in the LPS/O 2 -exposed mice than in the saline/O 2 -or LPS/RA-exposed mice. These differences in lung weights are not likely to be due to pulmonary edema, as these mice had recovered in room air for 14 days (Fig. 1) , and increased pulmonary fibrosis was the more logical explanation. Interestingly, while there was a profound decrease of alveolarization in the prenatal LPS-exposed, postnatal hyperoxia-exposed group, there was no difference in lung weight compared with mice exposed to prenatal saline and postnatal room air. These differences indicate that the lungs are heavier, and this additional weight could be attributable to the increased fibrosis that persists in these animals on day 28 (Fig. 1) .
Macrophage accumulation is associated with increased collagen deposition, and in other models of lung inflammation, macrophage accumulation is strongly associated with profibrotic responses (26) . There was an independent effect of prenatal LPS exposure on lung macrophage numbers. The marked differences in macrophage accumulation in neonatal mice were not dependent on hyperoxia exposure, suggesting that LPS administration to the dams induces a fetal inflammatory response that persists without obvious exposures to other inflammatory agents through day 14 of life ( Fig. 6, top) . However, the macrophage responses were even greater in the pups receiving the combined insults than in those exposed to prenatal LPS alone, and this enhanced response persisted up to day 28, even after return to room air (Fig. 6, bottom) . This finding suggests that maternal inflammatory insults can have effects on the offspring that are quite persistent. Furthermore, the additional increase in macrophages in the lungs of pups that were exposed to LPS/O 2 indicates that hyperoxia augments the neonatal inflammatory responses caused by maternal LPS exposure. These data suggest that macrophage accumulation is likely to be important mechanistically in the development of the fibrosis observed in this model.
The effects of hyperoxia exposure on pulmonary alveolar development are similar to those previously reported (25, 28) . Interestingly, we also observed an independent effect of maternal LPS exposure on the number of air spaces. Consistent with other reports that provide evidence of an association between prenatal LPS exposure, fetal pulmonary inflammation, and decreased surfactant protein expression, our data indicate that maternal inflammation leads to defects in alveolar development independent of postnatal hyperoxia exposure at day 14 but recovers to near saline/RA levels by day 28. Similarly, the combination of maternal LPS and postnatal hyperoxia exposure is not different from hyperoxia exposure alone at day 14, suggesting that the effects of 85% O 2 may overwhelm the independent effect of LPS administration to the dam (29) . The more significant finding, however, is that after 14 days of room air recovery, the LPS/O 2 -exposed pups still exhibited severe alveolarization deficiencies at day 28.
The functional significance of macrophage accumulation and diffuse fibrosis was assessed in measurements of lung function. Consistent with other studies, lung compliance was decreased and resistance was increased with hyperoxia alone. However, these parameters were not affected or only minimally affected by LPS alone. Furthermore, there were no or only minor additional effects of LPS and hyperoxia on lung mechanics compared with hyperoxia alone (Fig. 7, top) . Once the groups were returned to room air for 14 days, the resistance decreased in the hyperoxia-exposed group, indicating a recovery of lung function. More important than temporary effects on pulmonary compliance is that, instead of recovering, the combined-exposure group demonstrated even more severe increases in total resistance (Fig. 7, middle) and substantial increases in central airway resistance (Fig. 7, bottom) .
In conclusion, we have developed a rodent model of systemic maternal inflammation followed by neonatal oxidant stress. Our studies support the hypothesis that the combined effects of neonatal hyperoxia exposure and systemic maternal inflammation are responsible for a phenotype that shares many histological and pathophysiological characteristics of BPD, which include acute and prolonged alterations in lung structure and function. These findings imply that the combination of perinatal and postnatal insults may result in a worse neonatal outcome than either single event alone. Furthermore, neonatal hyperoxia, in addition to systemic maternal inflammation, induces a fibrotic response and a BPD-like phenotype that closely mimics human disease. Additional studies to elucidate the specific molecular mechanisms responsible for the development of the lung phenotype observed in these studies may be helpful in designing interventions in this model and, perhaps, in premature infants at risk for the development of BPD.
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